
UNCLASSIFIED

AD NUMBER
AD346006

CLASSIFICATION CHANGES

TO: unclassified

FROM: confidential

LIMITATION CHANGES

TO:

Approved for public release, distribution
unlimited

FROM:

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; NOV 1963.
Other requests shall be referred to Office
of Naval Research, Arlington, VA
22203-1995.

AUTHORITY
30 Nov 1975, DoDD 5200.10; ONR ltr, 4 May
1977

THIS PAGE IS UNCLASSIFIED



AD 346008

DEFENSE DOCUMENTATION CENTER
FOR

SCIENTIFIC AND TECHNICAL INFORMATION
CAMERON STATION. ALEXANDRIA. VIl'GINIA

~--- -- ~ u _3

-. 2

~~~L---~ ~ ~ 3 V'-4~-~C- ~-



NOTICE: Wen government or other drawings, spec.- C
fications or other data are used for any purpose t
other than in connection with a definitely rlatei V
government procuremnt operation, the U. S. )e

Government thereby incurs no responsibility, nor any I
obligation whatsoever; and tne fact that the Govern- id
ment my have femailated, furnished, or in any vay
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any .e
other person or corporation, or conveying any rights
or permission to innufacture, use or sell any
patented invention that my in any way be related
thereto.

NOTICE: V

THIS DOCtIMi CONTAINS INFORMATION T

AFFECTING THE -tTIONAL DEFENSE OF

THE UNITED STATES WITHIN THE ME; N-

ltG OF mHE ESPIONAGE LAWS, TITLE 18,

U.S.C., SECTIONS 793 and 794. TE

TRANSMISSION OR THE REVELATION OF P1

ITS COUTENTS IN ANY MANNER TO AN

UNAWEHORXZED PERSON IS PRORLBITED

BY IAW.



CONFIDENTIAL

ITTFL No.

Soli State Devices Applications For ASW

VLF FERITE AM TENA

Technical Feport

COtract Nour 3358(00)

MR 373-804
Department of the Navy
Office of Naval Research
Washington 25, D- C.

Reproduction In Whole Or In Part Is Permitted For

Any Purpose Of The lited States Governnt

DOEJGRADKD AT 3 YEA I.TMVALS;

•2E{i.SS,,iFID ATE 12 YjAS..k

DOIP DIR 5200.10

!TT FEDERAL LABORATORIES

a division of International Telephone and Telegraph Corp.

DEC 1 '964
500 Washignto Avenue
Nutley 10, N" Jersey

T s-, AA

3 Ik~~~~~-*%V 14 Ike 1t.E :1.. ~...et, o I
&; --- .-:-, .. :,.- . --, -..- ...... , . November 1963

CONFIDENT'AL



CONFIDENTIAL

Solid Stat Devices Applications For ASW

VLF Ferrite Antennas

Technical Report

Prepared by. L. V- Vallese Senior Scientist

A. Y Passalaqua Engineer

G. Rakowsky EngineerII
Revieved by: L. N. Vallese Senior Scientist ) .

Approved by: F.A. Nuller Director

Physical Sciences Laboratory

Y T T E D E R A L L A -t 0 X A T 0 R I E S

a division of Internatic al Telep-Lme and re egraph Corp.

500 Washington Avenue
Nutley 10, New Jersey

CONFIDENTIAL



CONFIDENTIAL

TABLE CF CONTENT"S

PAGE NO.

. 1NTRODUCTIcN .............................................

ThE LINER 3.TAL-AIR A nT-%..A ............................

3. INFINITELY LONG RADIAO ................................. 5

. BANDWIDTH AND EFFICIleCY CHARACTERISTICS OF METAL-AIR

5. GENERAL PROPERTIES OF LINEAR FERRITE LOADED ANTRN;*.S ..... 1i

6. WAVE PROP AGATIO ALONG AN INFINITE FERRITE LOADED

CONDUCTOR .......................... .

7. EIERIENTAL VERIFICATION Of THE THEORY OF FERRITE-L AfED

ASNTNNAS .................................................

APPLICATION OF FERRITE LCADING TO MhE DES IGN OF AN O.-iEGA
SYSTE ... . . . . . . .. . . . . . . . .. . . . . . . .

9. CNCLUDING RE .......................................

TABLES ...................................................
F~~s.................................................. 52

CONFIDENTIAL



i
CONFIDENTIAL j

LIST OF TABLES

TABLE

1. TROiERTIES OF FERRITES -1

2. RESOKAN'T FREQUDiCY VS. HEIGIT POR TY-E A FERRZTE YCOOrGLE
3. COMPARISON Or THEORETICAL ,m EXCFERI-TAL) .X

Z" 0 -

4. FOLDED FERRITE MONOPOLES

5. ?IULTIFLY CONECTED Tr.'E C FERRITE 45

6. PARALLEL FERRITE ANTE'' AS

7. UMLTIPLY FOLDED TYPE A FERRITE ATENAS

8. PROXI.MITY EFFECT OF TWO FERRITE ANTENNAS 4

9. FRGXIITY EFFECT OF THRE FERRITE ANTE-AS 44

10. HARMONIC DISTORTION4 IN FERRITE ANTEK'AS 50

11. HAR.NIC COXTENSATION 51

CONFIDENTI -L



I
CONFIDEN TIAL

LIST OF FIGURES

FIGURE i AGE

1. CYLIKDJ-AL COlUDIKATE 5 2TEN

'LOTS OF EQUATIONS 71 AND 72 5!
3. WAVL-NGTH REDUCTION ( )z/o ) FOR A INFINITE FERRITE LOADED LINE 5L-
4. FOLDED MONOPOLE =5

CAGE AITENNA 56
6. RES(M(AY FREQUENCY VS. PEIGHT FOR TYPE A FEIRRITE MHOOPOLE 57

7. COw'.ARISOf OF "MEORETICAL AND EXFERIMETAL ) /I 5e
z o

REIGr AND Hik°0 VS. FREQUENCY FOR TYf E A FERRITE .)0.'IOLE 59

9. 7WO METHODS OF FGLD NG FERRITE ATE'TNAS6i

:0. MRJLTIPLY FOLDED TYFE C FERRITE, 51

11. PARALLEL FE.RITE A1TDIAS

12. 216,LTIPLY FOLDED TYPE A FEMITE AIMAS

13. IROXIITY PFFECT OF TWO FERRITE oFTL'AS

14i. FRXI.ITY EFFECT OF THREE FERRITE AN.'T.LENAS

15. HARMIC DISTORTION IN FERRITE ANTE.NA

16. H N IC COt-F.SATION 67
17. TAP-TUMNLG THE FERRITE ANTENNA

Ia. OFGA AN!MA DESIGN

19. OMIEGA AWOA - ALTERNATE DFSi--

CONFIDENT! U



I CONFIDENTIAL

VU-' Ferrite Anten-as

Tb followina reporL .icludes the results of the wc.k performed

at inT Federal Laboratories on the design of VLF ferrite ioamdd antenas der

Contract Ikonr 3356 up to Sovesr 19o3. The report consists of a general revic.'

of the properties of short electrical radiators, of a general theoretical a-etysts

of the perfornance of ferrite loaded antennas, of the presentation, Pr.A d;4c-ssicn

of extensive eprtntal verifications of the theory. and, finally, of a preli=i-

nary design of a-- Dga type antenza svster. The latter would operate :.z .2 nc/s

with a radiated power up to 20 :2, and with an efficiency of the order of !C4.

Mhile this design is tentative, it constitutes a sound reference ba-sis for the

develop;et of a final ferri;e loaded antenna syste-.

The work discussed in the following indicates that the use of ferrite

loading provides considcrable vavelength reduction zlog the axis of the radiator

and results 'In structures which have radiation res :stance larager than th-at if

=etal-air autennas bsvtr th- sa height. The overall dkesi.= nav be ach:eved

with .atisfatorv c asracteristics of1 efficiency, reliiability bndw-i4th azn cost.

The naiii aiN 1 !pWer 1s uitied by the distortion tn-ch ocrs when the-

Magnetic .aterial bercees ratursted; hmoever, in practice satisfactory level. s of

opu arer may he obtainerd for aedltt pmer applications.

I
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LLWEAX FEU1Th LAMnE ANnAs

-- e design of transit:ting anzteonas for t he VUF lo 1 frequeozy

range as: satisfy in general a nrbr of conditions whose relatzive iwortance

varies from one case to another. These are:-

1. Radiation effIcIe==cy

2. Poder hamdling

i. aadwidth

4. ost of t-ostructioc and of salntenance

5- vulinerabilIty with respect to eLay- action

o. WrYquna timin; ability

7. Radiation pattern ad gain

Q u..4M... etc.

Thne idealI case~wbich is taken as reference, is that of a quarter-wave socopole

vpo Infinitely conducting ground. For VLFr to F applicatIons shorter an-

tez-as are seeled: the !hauic approach consists of the tae of top loaded =an-

poles. am the other band, inoapoles with inducive loading.wbere the indu;-ctance

may ho im-.d at a suitable intermelate location or distrintcd along the radistor-

may be usd Ir both cats the loading results in ttming the in u wellece of

the &=re=&t The curre', distribution of the loaded ante=- de;pends =- Ct pati-

cular- type of loading and -in certain cases reed-s to -be lor.

The apperoach fol11 ----d is the present vork is bas"ed an the nse of

dlstrlhted -ferrite loaditng- I& this case, tne antenna strutne _- pxopagso

characteristics are madIzied and, I=a pr~ticar, the &_--rMpia.oncostn :s

increased, so that the axiai iravelength is recczed vitn respect to the veslue In at.r.

-As a result, resonat anopoles possess a height latwer than that of the ccrresr-4n...

air structures. If properly d-esitned, these anteas provide mkgh radiatzion

efucency and large relative bantvldth with respect to c=ctren0Ioa =Eztal-air

anre~as of the sa height; _- the other hand, the power handling 15s l=-:eCI by rho nagnetizat ion saturatIon of the fer -arerial. !a orrroc-ee-._ o.

the ciscunsion of the thoyof fer-rite loaded- jf --ear sntennmas- mt s comvenienta

to revieu briefl1y the thoyof netal air antemmas.
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2. THE LINEAR M'ETAL-I.IR ANTENNA

We consider firet the case of thin wire antennas. With reference

to a current element Idl £ located at the origin of a spho.rical coordinate

system along the z axis, one obtains the radia ion field by cousideration of

the corresponding vector potential:

IdlAk- k (I)

A a k 4ir

From Maxwelis equations there follo- the well known field equations:

-Idl sin~ 1 j
H ir? 00 + J13-

E n Idi/r+ 1 -Jar (2)" 4 r (aJ2 ) -

Idl cosO 2 2 -jar

Fr  4 7m r *~ 2r:r

where I - and C a c,,- . The radiated power is computed from integration

of the Poynting vector over the surface of a sphere of radius r, having the current

element at its center. The average power is contributed only by the far field com-

ponents:

Idl sin -Jr

(3)
Idl sine -J~r

E = j TI

and the corresponding time average Poynting vector is:

k 1/2 R. (E x t1) " - -' (4)
avg7-

2.
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ThL overall radiated power is:

C2 2
101 

(di
12 .

where I is the maximum %lue ef the current. The corresponding radiation re-

sistance is:

Rad 3 O2 (dl)2 (6)

For a short dipole of length with a triangular current distribution, having

peak current I at its center and zero current &" its ends, the radiated power

is one quarter of that corresponding to a uniform current radiator of the same

length and the radiation resistance is:

Rrd - 20 ( )2 (7)

For a short vertical monopole, above perfect ground, one has:

Rrad = 1O 2 ( )2 (8)

More generally, if one considers a thin linear antenna of ht-ight

2H, having a sinusoidal current distribution:

I = M sin t (H-z) 7 jwtz 0

. .. .W tZ 0

where z is measured from the antenna mid-point, the resulting radiated electro-

magnetfc field may be obtained by integration of suitable infinitesimal current

elements. The far field ccmponents are:

H j 6 0 1 -- Jpr coo(: H coo 0) - cos H

* jr 
sin 0

3.
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-jor

-. 60 1 C coS (PH COS 0) - cos AH (10)

er sin 0

where r is the radial distance from the antenna mid-point. tar a half-wave

dipole (or quarter-wave monopole) one ha, 13H - 7r/2; the radiation resistance

computed through integration cf the Poynting vector is:

30
Rra = 2, (20H) -S, (li0H) - Sj (2fH) ccau20H
rad = sin2 1H

: (11)

+:s 1 (4.1H) - s. (20H) sin 2H + (I + cos 20H) S1 (20)-

sin 2Ba s. (20H)

for a dipole of half length H. In the above expression:
x x

S(x - 1 - vCorv dv, S, (x) - sinv dv (12)
0O 0 V

In the particular case of half-wave dipole and quarter-wave monopole above

perfect ground, equation (71) provides respectively:

Rrad - 73 ohms, Rd a 36.5 ohms

The radiation resistance can also be computed by the induced emf method. Con-
- ,'-4 v6Wa LLL%;OA OuMnpoLe ox nezgnc kt above pertect ground. Start-

ing from the expression of the z-component of the electric field at the surface

of the antenna, obtained assuming a given current distribution, one computes the

power required to produce the assmed current against the induced voltage as

follows:

4~.
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H

- E I (z) cos'Pz (13)
2.0

where is the phase angle between current and E2. In the case of a sinu-

sodial distribution of current, one readily obtains the cxpretion of Rra d

previously found.

The reactance of the ideal "thin wire" dipole antenna element is

found to be infinitely large. This is due to the fact that the reactance de-

pends strongly upon the "near field" components, and these cannot be defined

accurately with the thin wire idealization. Therefore, in computations of

an.enna reactances, it is essential -hat the actual antenna cross-section be

taken into account.

In general, consid6ring a cylindrical antenna wire of radius a

carrying a sinusoidal current distribution, it is found that the reactance can

be computed from the value of the reactive power requi.red to produce the assued

current against the induced voltage. With reference to a vertical monopole of

height H, one finds:

- E (z) sin,; dz (14)

react. 2 z x()
0

wherefrom the reactance of the antenna may be computed, letting P- XI2/2:

X . -15 sin 20H -0.5772 + l 1! 2 + 2Ci(;3H) - Ci(4r)
sin 2 H 5a

-cos 2 |H ;si (21)- Si (4jH) -2si (2CH) (15)

In particular, for a quarter-wave vertical monopole, the reactance

is found to be X - + 21.25 ohms; on the other hand, for shorter antennas, the

reactsuce depends strongly on the value of the diameter of the antenna and de-

creases as the latter is increased.

3. INFINITELY LONG RADIATOR

A prublem of particular interest for the study of ferrite loaded

5.
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anrennas is that of the rsdiation pcoperties of an infinitely long conductor,

carrying a uniform current I_;Jt. Assuming that the conductor is surrounded

by uniform lossless space, and that the conductor -s condactivity 9T the

electromagnetic field distribution correspondLng t. the principal mode is

found to be given by the following expreesion: (1)

JI
0 a, E -J (h\) -

=a 0  h1  0 (h J( -:) (16'i h 1 (h 

B -j 12  aJ (h,. oo I j(o-t8)
S ,1 h1

8 E boHo (2) (h2  ) J((x-$z)

E boH, (2)' (h2) J(wx- z) (17)

k 2 2 bo (2)1 ( J(wt-oz)l0  ", __ b2') Jwttz

2wk12

In these relations 1 is the axial propagation constant, k -2 J k 2 2 w

and:

h12 k1 2 h 2 2 -2 2 (1k1  2  2 (-8

The axial current is computed as follows:

I - 2 It a IR d, - 27M C. 1 ao J1  (hla) - J(ayt-oz)
hi (1-9)

(1) E. C. Jordan, Electromagnetic waves and Radiating Systems, Prentice Hall, Inc.,

1950, P. 370.

6.
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wherefrom the value of the coefficient a0is obtained as a fuaction of the

given current, i.e.

020

27ragJ, (h~a)

Similaaiy, from the boundary condition at =a one obtains the value of the

coefficient b 0 s follows:

b- h2 '2l o
2Tra C' 1 k2 2 H 1 (ha) (21)

It should be stated that, it the conductor is assumed to have infinite conduct-

ivity, the field vanishes for a and one findi:

h2 - 0, 13 Y2  w / 2 2 (22)

i.e. the axial propagation occurs with speed equal to that of the external

sedium. The above expressions of the Zeld cannot be applied in the pre-

sent case, since E z (a) - 0 and the argumnent of the Bessel functions vanishes.

Starting from Howxell's equations and indicating with j3-w

the axial prpagation constant, one finds that the axial component E zis

A solution of the wave equation:

2 E +j32 E - 0 (23)

and

H ~ L 0 E (214)

There follows:

CONF1DtENTIAL
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j E . ( 2 )
" (25)

H -
(2 )

Prom the boundary condition:

- 2aS (a) (26;

there follows:

2 l. (27)

i.e.

*2  - ju to ) o(2) ( ) j(G-0z) (28)

2 w a p H (2)

H e 1 ° 0 (2) ( .

2ra .1 (a)

Since a 1 one has:

(a)e 68a + . (29)
2 ir 3a

i.e.

e ; " 2 0 H(2)

(30)

Hi -J 1Io sl(2) H - J()-ez)

8.
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Since E must reduce to zero at e - a, it Is seen that there is present a

field component

z -Z (a)-- 4 .0(2) (fs) (31)

which represents the self-induced electric field produced by the current 10.

One may now compute the external impedance of the wire per unit length; letting

1 0o . T r a H (a) one has

- a_ - I) 2  0(2) (::) (32)
27o V, He x ( )  (a.)

iaettin$ for a 1.

(2) 2 - In 1-781 e
Ho T 2j

(33)

(2) 2a + 222~ 0) 2 + -S

one finds

Z t = D Q + 2 in 2 (34)
2.. 1.781 139

Thus the radiation resistance per unit length is co - /4 and the corresponding

reactance is cc .- I2v In (2/1.781 8a ). The preceeding result may be general-

ized with consideration of the internal impedance of the cylindrical conductor

obtained when the conductivity is finite and the frequency is low. In this case

one finds:

i + (35)

9.
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per unit Iengtlb. At high frequencies, skin effect phenomena occur and tVhe

inena hmpdne inpu j iuthae flowangatn a expes o mpndf:mtees

Za aU +~ (36)

zero at series resonance. The relative 3 db bandwidth 2 &aof the antenna is

computed solving for -Sw the equation:1/

2&(wD). R2 t0+J4) + Xa (D +1/2) (38)

Similarly the antenna Q io defined with the relationship

Q - CD [/0'W (39,

The general expressions 11 and 15 of the antenna impedance are too c.zplicated

to prc 7de a simple e!Tression for the bandwidth. If the antenna is electrically

short (OR 0.5) an approximate expansion of the impedance may be used as follows (2)

Za -(131) - (l a 1

Assuming that a series inductance is used r. r tuning, one has approximately

(2) R.W.P. King, Theory of Linear Antennas, Harvard University Press, 1956.

10.
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R, (C + 8 ) " ft (to)

x a (% ) 2x( % ) -

There follows from application of eq. 4.0

2 a OR) (42)
a 6' (n H -1)

a

Recapitulating, the radiation resistance of an electrically short

vertical dipole antenna varies proportionally to the square of the height H and

the relative bandwidth varies proportionally to the third power of H. Hance,

with the decrese of H the radiation resistance and the relative bandwidth becom

very small. These characteristics represent basic limitations of short antennsa

since the efficiency depends upon the ratio Rrad/Ilos and Rloss is a fumction

of the losses in the gromd, in the tuning circuit, in the antena conductors,

in the antenna insulators, etc. On the other hand, the relative bandwidth is

prescribed by operational conditions and typically may range from values of

2 x 10- 3 to 5 x 10-2 at frequencies in the VLF to HF range.

In order to met practical design requireants it is necessary to keep

the antenna height sufficiently high, to use simple or multiple conductors with

suitably large effective diameter, to sake recourse to folded dipole or cage

struactures, etc.

it is of interest to summarize the characteristics of som VLF

antenna designs for purpose of reference. we shall refer to the antenna installation:

of Formst-Port and of Cutler, Maine.

FOREST-PORT ANTA

The Forest-Port Antenna, part -'f an Air Force three-station VTF

transmitting navigational system known as Project Omega, is located in Forest Port,

New York.

11.
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The antenna consists of one 1,t5 :t. bas? insulated towe: w.-!ch uses

its six top guys to provide the necessary capacitive top loading to make the

antenna self resonant at 100 Kc. By means of inductive base tuning the antenna

operates at 10.2 Kc with the following characteristics,

Effective height _46 ft.

Radiation resistance -_ .G7 ohms

Maximum power rA-4' d - -2t:;

The Cutler Antenna, part of the Navy VLF transmitting station located

in Cutler, Maine, consists of two arrays whose centers are separated by ore mile

and which may be operated independently or in dual. Each array has a mean height

of 8458 ft. and a radius of 307C, ft.; it consists of one center tower of 9r(. ft.

end 12 smaller towers ranging from _75 to &C feet, which support its star shapeid

top hat.

The top hat of each array is made up of six independent dis.ond

sections which are insulated from the towets and can be controlled separately.

that is, the:; can be lowered or raised for repairs or for prevention of da-azc

from heavy i:ing. A u. .-e arrangement of the rF iied lines mkes i-t possible Lo

pass 60 cycle deicin4 currents threueh either array or remove ice umder =-4erate

icing co-ditions. Since the arrays may be operated independently, this arranzement

allows one array to continue transmitting -ii; the ;zher is being deiced; hence

the sta 'on may operate continuously.

Power is fed fro- tne transmitter to a hei:x house at the base of each

array through an un-erground coaxial trans.ission system. The helix houte contains

a tuning unit for the array #nd provioes A- fevz pcints cn its roof for feeding 6

vertical -up-leads" which SrL the radiarin; elements oi the zrray. The -up-leads'

are equally spaced on a circle of diamecer 6a( ft providing a l-arge effective diameter

for improved bandwidth.

A large buried radial wire groun- system :elps to nroyide a lo- tons

ground return for the antenna currents. The station is located on a peni!sula arM

CONFIDENTIAL
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the ground system is terminated in the ocean by means of sea anchors which

extc-t abont 200 ft. into the ocean.

3elow is z suary of the electrical charscteriatic of the antenna

when operated as a dual array at its louest frequency of zper r!un 1L Kc.

Capacxt-ace 0.122 uf each &rray

Retistance 0.22 ohms

Reactance -j 86.0 ohms

affective Heighr 4 icet

Efficiency

Uk3:.aded Q 4814
Rad lated lower IO° 6 atss

Banvidth 60 cycler

5. GMUAL PROPERTIES OF LVIEAR ?ZviMTE LOADED AhTEnWNS

The electrical proppties of antennas are devendent upon the

physical che-acteristics of te surrewadi-g medium. Hence, If dipole antenuas

are enbeddsd in a madium witb d;ilectrL- permittivity and aagtic pezscability uI!

larger than the values of air, a corrospocding Increase of tie value of the prop-

gaton constant 0 - U. !E is obtained and therefore, tie axial wave-

length distribution j - _/f' becks smaller than in jir. i! the sediw extends

to infinity, the saw expressions described for the case Gf air apply, ex-pt

that in general the losses and the saturation of the sediu must be taken into

accomt. From a practical point of view one might consider the effect resulting

from m tdding the antema in a aedin of finite extent. such as for exple a

cylinder coaxial with tnt- antenna.

The co -utation of the wavelength distribition, input I edance, and

relative bandwidth for this type of antenna represents a difficult problem in gen-

eral, since the boundary between medium and air is aot a surface of constant phase

or of constant amplitude for the radiated electrcmagnetic wave. From a general point

of view, utilizing the principle of reciprocity, one aay study the scatter of a

plane wave incident on such an ante-ma strium-ure and derive correspondingly tht

current stribution along the antenna as well as the input irTedsn- and the

O 13.
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reative bandwidth. i-aver, due to the fact that the resoarnt length of the

re'ma is not kcva in advance, the problem mst be solved by approximation;

In most -a-e;, the solution is obtained ln nerical fors and gives little in-

sight intc te general properties of the antm.

A estplificaion of the problem is obtained if the a teas is con-

saletee to consist of a cylindrical conductoc of infinite length, raoi-s a,

emedded % a coaxial ferrite cylinder of infinite length and of radius b.

In this case, one may compute in closed form the various permissible mode diatrl-

but ions and, in particular, the wavelength along the axis of the c=ducror for

each mode. ias result represent; iqportnt design informaton., since it is

fomd to be applicable uith good approxiation to the case of anteanwof finite

lczrbT .. As far a the atenas input ispedac ad the relative bandwidth are

concer-ned this approach does not provit :onvenient aners. In the following

section the gSmral tbeory c propgtion of eklctroaanetic waves alon infinite

ferrite loaded conducto.-s is discusse; this is followed tj a description of

various axperisental results ad by an outline of the design procadtue of ferrite

loaded anteasa.

6. wa-v amlW aGl Az WI a F-ITE CraM IaDD cs tM

Consider en Infinite straight conductor of infinite cmductiiity sod

radius a, surrouadd i an uniform ferrite cylinder of inner radius a, ad oute

radius b, having permeaility pad permittivity - .(Fig. 1) Using a cylindrical

coordimte system p z, on finds that the electromagnetic field distrIbution

may be expressed in tern of two Hert vector potentials and - both parallel

to t % axis and such that their magnitudes satisfy the scalar vem equation

L aC tt

Assing harmonic time and space dependence one may let in general

- f(P,r) exp(r--z) ()

14.
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there f (: '-i s a solutio of the equation

-- (r- )4.2 -x 2, -

-

0-

In the eq. 45 the coefficle-r: K iS expressed in ters of the character-istics of

the medim, i.e.

2 2 (a

ad the coefficient S is the axial propagation cnstact, i.e.

where is the Veleth siot; the z axis. The geer&al eXpressia of thez

electromagsetic field is derived from the vector potentials I amd 2 using

tM6 10lw124 relatios

X - x -7T 4 J= tLIr xz.

it is seen th-t the fic'A derived frc has no axial n .r i field cmont,

while the field derited frw has no axial electric field cc~oueent; for this

resss the two field contigurstioes are called respectiely transverse magetic

and tramsverse electric.

Clearly the problem of Interest in :he present Investigation fails

in the class of tramsmmse magnetic -Aes. ;k c=n otee accordingly neglecting

and solfizg& eq. 45 separately in regioi. I, Ie.a :: b andin regoc
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In region I we may let in general

IC

E l= (An j, (h ) B 1(% (h( - n

n=O

Hlz 0 (49)

and in region 2 we may let

E \ > H ( h) ( J(n- + w+-13z) (50)

z - 2n ln  (h2 ,1 n (50

nwO

In the above equations

h 2 2 _ n2h -n ,KI -8 n

(51)

h n - n - n2

Since we are interested in fields which are distributed uniformly with respect

to the angle , we shall limit our investigation to the zero order mode

only, i.e. n-0. Hence, applying eqs. 47 we find:

Region I

E A J (' -Oz)
Elz 1 , A(JoN NO)

1
N ° (h 1 :) (h "S) (

-JB iJ (hl,- J 3 N, (h) J(owt- t)
1l /l (52)

7UKT2

HI.:~ ~~ "J'AJ I (hl, ) +B I NI hl,

cc t I k

16.
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Re -ton 2

E2  " CHo(l) (h2  ) J(U~ - fz)

E H (2) (h2 - ) z)

2 , -T -2 c2 1 ( (h2  )

2 1/ ; 32

In order to find the eigen values of the problem and the values of the coefficients

A1 B! and C2 we make recourse to the following boundary conditions

-a, El

(54)1

,.b, E l= " 2Z , H 1 j a 2.: ,

Frox the first condition we obtain

AlJ ° (h*) + B, N o (hla) 0 (55)

B1  -  AI Jo (hla) (56)

NO (hIa)

17.
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Substituting in eqs. (52) we obtain:

BI -A 0 (h )No (h) - Jo (h1c) , (h.:) j(W'If)

-z 1' 0
EI " JOA1 -J, (hl,,) No (hla) - 3o(hl a ) N, (hl, . S) (57)

2 F J(c-.=)
H1 A : _ (hI  (hlt) - 3 (h ) N (h -

Turning now to the boundary condition at - b we write:

A1 Jo (hlb) No (hla) - jo (h ia) No (h1b)!- C2Ho ) (h2b)

(58)

22  2KiAl Jl (hlb) NO0 (h Ia) - jo (hla) N, (hlb) K K2 C 2  H 1 (1) N b)L

In order to solve the above system of equations we introd-ace the following

substitutions:

hl t -u, h2b - v

h a - us, ha - v s

where a w a/b. Hence eqs. (58) may be written as follows:

18.
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A,- u)N us (us) N (u) 2  H ()v

2 A u1 J ( u N s) - J 0 ( s ,(u ) K2 C~ 2 H )

An equivalent expression of eq. 59 is written as follows:

U 2 Jo (u) No (us) - J(us)N 0(u) H 0(v) (62)

if the quantities u and v are very small, as in the case of interest for the
present investigations, eq. 62 can be *!Qplified noting that:

H v ~ 2ji in

19.
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Jo (u) 1'i J (u) - 0
(63)

, ) ' 2 2

N, (u) - 2/m

where - 1.781

Substituting into eq 62 one has finally

" 1 + -o(0)
u 2 In v 2 In

2 •2j

i.e. letting l/ '2

- v2 V - 2 In (1/3) (65)2j

In order to remove the imaginar; it is convenient to define a new set of variables,

i.e.I I
u- p- hlb (66)

v - Iq , h 2 b

In tarms of p and q equations 51 and 65 are written as follows:

2 2  p2/b2

(67)

2 2 2

20.

CONFIDENTIAL



CONFMDENTIAL

.2 In q p2 1. (b/a)

Up to this point, se have assumed that the conductivity of the ferrite Is greater

than zero. In practice, however, we may expect to use a low-loss ferrite material

and correspondingly may let 6 Z 0. There follows:

K- 2 a) 2  2 2 - (2 / x)LO (68

2 2
K1  (2/ x

where l " 1 2 Substituting in eqs. 67snd manipulating one

finds:

2

2T 2 2
o /

(69)
( 2  2 2 q2/b2

X0

qlu - p In a

Finally adding and subtracting the first tv4L quations of 69 une obtains:

2irb p q

X " p2 + q 
2

/ 2 + - q a 2

21.
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2 b .2 1.12
p In - q in

The above system of equations provides the solution of the p--.biem of the design

of a resonant ferrite antenna. Given the values of ,- and .. for the ferrite mater-

ial and of the radii a rnd b, the ratio i/X is computed. Alternativeiy, given

and one can find the required values of a and b for which the

desired wavelength reduction is obtained.

The information contained in equations (70) may be presented in

grxphical foria in a namber of ways- From the first of eqs. (70) it is seen thaL

a family of circles for constant X o/b is described with the equation

p 2+ - -,- ) 2 (71)

on the other hand the equation

2 2
p In (b/a) -q In (I.12/q I  (72)

describes a family of curves, an-ch e-hsracterized by a given ratio b/a. The

families corresponding - eqs. (71) and (72) are plotted in fig. 2 for a given

type of ferrite having relative average permeability .- 100 and relative average

permittivity !- 10. Using the latter diagram it is possible to find the values

of the quantities p and q which correspond to a given ::I uZ 7alues Ia/b and b/a.

Substituting in the equation

i 2 2-z o .L±S..q (73)

0p + q

the desired ratio )z /) is computed. It is of interest to note that in certain

ranges of the "-':r'ables ), /b and b/a two solutions are obtained; for instance
0

letting X0o/b - 100 and b/a - 5 one findt:

22.

CONFIDENTIAL



CONIFIDENTIAL

p- 1.2, -07, Xr./)'o " 0-0625 !

p - 1.09, q - 0.87/ - 0.0509

The mxias permissible value of q is 1. 12; this corresponds to X,/b - 177

and to p 0 0. In this cae one finds I A - I./frA regardless 3f the ratio

b/a. Associated with tbe sawe ratio X./b there is found also another solution

for each value of b/a.

In experimental verift- tions the degeneracy above illustrated is not

found and only the solutions corresponding to the smaller of the q values is

obtained. The result say be attributed to the occurrence of additional boundary

conditions not included in the above analysis.

A re compact representation of the design ercuations (70) is obtained

eliminating the quantity p; in fact, solving the first equation in terms of p one

has:

2 2rb 2 2
p -(ia-l) (-j---) - q (75)

Substituting in the remaiing equations, these acquire the following form

- 1 1 + X q

2i b

(76)

. )2 1 2
ok 2

From the latter expressions it is noted that1 for a given value of the ratio

)jb, the ratio 1 becomes smaller, the larger is the value of the paraneter q.

The parter q is obtained as a solution of the second equation of (76). Although

23.
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the latter equation is of transcendental form, and, for this reason, cannot be

analyzed directly, some considerations of a qualitative nature may be derived.

Assume, for example, that q is very small with respect to unity. In this case,
the said equation reduces approximately to the following form

2 2
(E )k -1) (2b/ ) =. q In q/ In (77)

The fu cion q 2nq is zero at q - 0 and increases mootoAmically with the increace

of q; hence, q increases with In ; I ( I Au -1) and b/ uatitative values are
obtained plotting the variable XZ/f. as a function of X./b for given values of the

ratio b/a and for a given type of ferrite material. An exasple is shown in f"g. 3

computed for a ferrite material of haracteristics :a 10, t. - 100 and for b/a
values of 1.5, 3, 3.8, 10, 25 and 100.

A question of obvious interest is that oZ the optimization of the
ferrite characteristics. From the second of equations (76) it is seen that,
since q must be less than 1.12, the quantity it - must be less than a certain

limit value, depending upon the ratio b/I . Physically, this result is interpreted

as a necessary condition for the existence of the principal mode n - 0 of trans-

verse magnetic type of eqs. (49) and (50). When the latter condition is not

satisfied, the electromagnetic field distribution must correspond to a different

mode distribution.

The above analysis has permitted the derivation of the axial wave-

length shortening obtained with a suitable ferrite loading of the conductor.

These results are directly applicable to resonant type antennas which have a

length equal to ).,/4 or to a multiple of ), /4. It would be of interest to
comlete the investigation, developing methods of computation of the input im-

pedance and of the relative bandwidth of the ferrite loaded antennas. These,

however, cannot be obtained following the previous reasoning, since they require

consideration of the finite length of the antenna and of the existence of modes

more complex than those corresponding to the infinite conductor.

In the case of very short ferritz loa8-.i antennas an approximate

24.
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analysis of the input resistance may be developed assuming that the same equation

valid for metal-air dipoles applies, except that the Ou~'- H is replaced

with the value 3z H, where 58 is the axial propagation constant of the infinite

ferrite loaded conductor. With this reasoning one obtaini. the following ex-

pression for the radiation resistance of a ferrite loaded dipole of height H:

~F"2 (8E 2  
= 2 X ~ 27

Rrad  C2 2 6 u I z

The radiation resistance is larger than that of a metal-air d4pole having the

same height H. This result is reasonably well verified by experimental data,

as will be shom in the following section. On the other band a similar reasoning

cannot be developed for the computation of the reactance and of the relative

bandwidth, because of the critical importance that the ferri-e material represents

with respect to the reactance of the antenna input ipedance.

In conclusion, it has been shown that the wavelength reduction of a

ferrite loaded dipole antenna may be computed with good accuracy from the values of

the radii a and b, and Irfr those of the permittivity - and of the permeability --

of the ferrite material. An approximate expression can also be derived f-r the

radiation resistance of very short antennas. From these results it is noted that

ferrite loading gives a reduction of the axial wavelength to vrlues as low as

1/ ,/- and an increase of the radiation resistance of short antennas with respect

to that of metal-air mon poles of the same height as large as "-" ; however,

the maximum permissible values of -i and I ior which the desired transverse mag-

netic mode may be sustained are limited; in the experience gained during the perform-

ance of this work it has been found that, using a ferrite with , - 10 and It - 200

the above radiative mode could not be sustained at HF frequencies. Another consider-

ation of importance is that of the ferrite losses; generally, the latter increase

with the increase of the permeability, and, for this reason, they limit tho advantage

of the wavelengtl reduction obtained by ferrite loading.

25.

CONFIDENTIAL



CONFIDENTIAL

XE7. IP TAL VEIhFICATION 0 WHE TWICMY OF FERITTE - LA A)_TE'MAS

Experimental verifications of the theory of ferrite loaded antennas

have been conducted on HF aodels, which have been resonated at freq4encies in the

range from 1 to 30 mc/s. An antenna testing ground h&- Lee.u tilized which consists

of buried radial wires 75 meters long unifor-y spaced at an angular "paration of

3 degrees. This plane is considered good for tests down to about I ac/s.
measurements of the input impedance and of the radiation efficiency

have been made by using respectively an impedance bridge type C.R. 916A and an

Empire Field Intensity Meter iype NF 105. The field intensity was measured at a

distance of 800 feet, well within the far field range for all cases. The measure-

me--ts of th- efficiency were made j :h reference to a standard antenna consisting

of a vertical monopole of height 10/4, sustained by meanz of a helium filled balloon.

In this manner, errors due to uncertainty of the values of the loss resistances were

eliminated.

Wany measurements have been conducted wi-h resonant ferrite loaded

antennas; in this case it has been found that the radiation efficiency may be in-

creased if folded type structures are used. The properties of theme structures are

well known; in particular if two monopoles of resonant height H are arranged in the

configuration shown in fig. 4, the input impedance of the structure is approximately

four times that of a single monopole, and the bandwidth corresponds to that of a

single monopole of efiec-*ive radius /-d-, where d is the separation of the wires

and a is the radius of one of the conductors. In the case of a cage type structure,

(fig. 5) similarly a radiative mode of operation exists, for which the input imd-

ance is n2 times that of a single monopole having the sam height, if n is the num-

ber of -embers of the coee structure.

The exq,. iments of resonance, radiation efficiency, bandwidth, etc. on

ferrite loaded antemas have been conducted using various types of ferrite veterial;

in Table 1 the electrical characteristics and the dimensions of the selected types

are shown.

Measur-e1ets made on resonant single monopoles above perfect ground are

summarized in Table 2 and in fig. 6. It is noted that in the case of type A ferrite

loading the ratio H/o is 0.05 at 25.9 nc/s and 0.075 at 1.89 mc/s; the relative

bandwidth is of the order of 3%, the input i.ped-_ce is of the order of 12 ots
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sad tbe radiation resistance is of the order of 5 ohms. Losses are produced vith-

in the ground Plan* me within the ferrite mterial.

The above experimntal results say be Ivl-r n rvf#-ee to the

theoretical values obtained with the theory de:elo-,ed in the previous Swcticu.

For the case of ferrite of type A the vslt*s of the ratio -%'A' have been comuted

in Table 3 and plotted in fig. / for the various cases. From the graphs of fig- 3
the theoretical results, corresponding to b/a - 1.67bave been derived and entered

in the graph of fig. 7 ; !t is seen that the check between experimental and theoret-

ical values is satisfactory.
The variation Of HiAo r d of the resonant height as a function of the

frequency are also plottd in fig. 8 for the same type A of ferrite. These results

indicate that the theory of the propagation of transverse magnetic mdes of zero

order in ferrite loaded anteasIs well verified and that resonant ratio t/i or

the order of 0.05 to 0.07 are obtained with ferrice sr-%ct.res of small diensions.

The I resistance of resonant ferrite loaded atennas is less than

that of resonant metal-air atemass; for example, a radiation resistance of the

ord=r of 5 ome was obtained vith mopoles of 8 or 16 feet height, ad vith values

of a ad b respectively a - 0.95 ca and b - 1.59 cm. Since there are inevitable

losses due to the ferrite characteristics, the groud resistivity, etc. it is

importent that mma o.- p-transformiag the input impedance be utilized. Cne

such possibility is obtued by recourse to folding techimques.

In the case of ferrite loaded structures two different types of folding

my be used. (fig. 9) In one case the metal conductors may be folded with!n the

ferrite nelope, and in the second case each ferrite loaded monopole sprately can

be folded, i.e. folding external to the ferrite is used. If the condictors are

folded inside the ferrite, the dimensions of the latter cannoc be ade too large and

the thickness of the ferrite Is not utilized in full; to express this result in other

words consider a ferrite cylinder of given ratio b/a. The ial conductor my con-

sist of a single wire of radius a or of a folded structure of equivalent radi-s a.

In either caen the ferrite effect on wavelerth shortening is of the se order of
agnitude. The maxia total current which can be carried by t'a conductors is limiter

by the saturation of the ferrite material and sa, =y, 11W. if n coductors are
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used in folding on has I - ci, vhere I Is the curre-nt in each =ondutor. The

input resistance is R' - where R is the resistance zf - sina2le =oopole and

corresponds to n - 1. 'ae value of R my be considered app7axintely constant for

a given ferrite geamstry ad for a refonant eatenna height. There follows that,

by folding n times, the input impedance is increased n times ad the input power

Is ?in I' 1 ' - R I 4at . Since the increased value of resistance facilitates

the realization of input matching, Lbe recourse to folling is &rtsgeous. There

is a limit to the utilization of internal folding; .r -a le, the Mechancal re-

slatance of the conductor is dacia-sed and the €onstvition becomes more complicart

requiring the use of suitable isoilators, etc. For this reason in &al it is

necessary to cake recourse to external folding. This leads to structures vitb

large effective radius and good mcAical resistce; however, the coupling

between adjact mcpole tends to decrease the resulti% vae legth red=tto

ratio i/1 ° with respect to the value obtained with a single mionpole. In order

to illustrate this important result several experitmal &Idata have taken.

in Table k the data obtained with a resonat folded ,miopele of height 16 feet

loaded with type A ferrite ad consisting of two conoditors of Imeter 0.25',

ad axial separation 0.50 are shon. The resonant frequency Is the same

applies for a single =c--opole, i.e. &.29 ae/u, the inp edace is of the order

of 5-0 om ad the radiation efficiemncy is of the order of 5-% .. Sy c riag these

data with the values shmow in Table 2, the advantaje of the folding operati-- ble-

tows evident.

In Table 4 also examples of external folding nt shcsn. The am

mopoles of height 16 feet. loaded with type A ferrite were used. The axial

separsfton was 0.5 feet, the resonant frequency was -L.69 m/s, the input i--pedaie

was of the order of 5U ohms And the efficiency was of the rnaer 3f 69'.

Mtltiple folding is illustrated in t at*a of Table c. !n this case,

a nmber of iientical ferrite loaded azeas was folded in a straight line. Strict]
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sPeaking thIs structure is not. syoerical and,. for this reason , it does not support

aopletely radiat~ve electroCmagnetic mode; as a resuhlt- wit%% th 'ease of n,

the radiation efficien-cy reaches a w&Im= an the tedsto zrease. The structura

tdeent* utiLlized in the extperits stmrt-zed in Table 5z were all four feet high

and were Placed at an axial seuariccj~ of 6>i roe b/a ratio was A85 a-rd the wave-

leghreduCtion- was of the order of 0.1-,6; ths w value of the ratio X /I was
2= 0

obtainMed At the expen-se of the radiation efftcie=y which also was reduc=d; foa

singSle =nnopole the efficiency wras t4-9% ad Zor a focr-tines folded str=-'e it

vao 7 - C The data of Table 5 are ,:-zttea =n ilg !UA

if the sa struactural elecs are co=,ced in parallel rather

than in folded node the Input imedane of the coom~nstim is fon to decrease
with the increase of n; correspondIngly, the radiation effIcieny Increases. This
result is illustrated in Table 6 and 1 1g. 11. which samrzes. th-e experlanmts con-

doctSd in a =umer of 8-feet high cxpoles. loaded with type A ferrite. Ite

saI--g was mede again 6 d the numer of elecemts uas varied fro - to fou

All- configurations were mae resonant at 7.3.L ac/s in order to elzIadua~te effects

due to different frequencies of operation- The varlatIon of the input impedance

with t-be nunber n Is due to the existence ofa a con-slderable loss copo-t.- &ile

the radiationw_ resistimnce resains unhanged when = is varied, the loss resistance

xs decreaseca.

A-- illus:rzz on of the operation := a folded =node i s shcsun iz 01n ~ne
and f;;g. 12. AgSain-1 feet bit.'- =oconoles w!:-- tine AL ferrite loading were =sed;

ax~l sacig was £and frequency of operat o was 7..3- ac- The in;=_ Imedace

was foun: to vanY with n' and the bandwridth and_ rd jar ion effictiencY were f to

increase With .

kecxpltulat img, the previous data have shoma.- that an- improveen of the

radiatio e' 4 -'ency ay he o;1-taim-ec by parallel = by foldedIG node c=-zction of the

aten±4ns. Since I-- eizter case the- loss resistancer of thbe ferrIte s92terial are de-

creased. C- the other- had operation inthe Mizaced =cie ancrenses the input r-.t

sist---e, thiz simplifying the problem of matcbhin; for =--s: prac-t ca1 Cass-

In thle rrevlous data it has -.ttm pointed out that operat ionotprz
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monopole structures provides an interaction whict. uorsenj the effective wave-

length reduction ratio, In order to iuivestigate specifically this proolem a

series of measurements was made. In Table 8 and fig. 13 tae results obtained

using 4 foot high monopoles with ferrite A loading are shown. Two monopoles at

distances varying between 6 feet and 1 foot were used; in each case the feeding

wes obtained by means of cables of fixed iength, and with suitable base impedance

match. it is seen that the wavelength ratio Xz o'" varies from 0.225 at 6 feet

to 0.243 at one foot. Expressing this result In relative terms, the ratio X /X0

is 0.225 at a relative axial distant'. of u.ui);.

Another study of the proximity effect was made using three monopoles,

rather than two and placing these either on a straight line or at the corners of an

equilaterat triangle. Again monopoles 4 feet high and with type A ferrite loading

were used. The results are summarized in Table 9 and in fig. 14. The ratio

X/ A varied from 0.228 at d/X 0- 0.0425 to C.275 at d/;o = 0.00. In the

case of triangular arrangement the proximity effect was larger, for example at

an axial separation d/), 0 0.016 the ratio , z/X 0 was 0.248 for straight line

arrangement ans was 0.254 for the t 4&angulaj arrangement.

In practical applicationa of ferrite loading to VLF antennas very

short electrical stru,,'res must be used. In order to investigate the properties

of electrically short dntennas a number of experiments were conducted using short

territe loaded monopoles which were resonated by means of top capacitive loading

or by series inductive loadin,

As an example, using 6" high monopoles with And without ferrite loading

the following results were obtained. A straight arrangement of four monopoles with

top capacitive load wrv resonated at 27 mc; th, natural resonant requency for 6"
high monopoles in air is 500 mc/s. The top hat consisted of ten five feet long rad-
ials and the electical height was H/). = 0.%1-. Adding ferrite loading of type A,

the rejonant frequency was lowered to 10.4 mc/s with a resultant electrical length

H/), 0 0.0054; the radiation efficiency was found to be 7%.

Furl:her reduction of the resonant frequency was obtained by recourse

to inductive loading.
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Mother example of very short antenna was obtained using two foot

monopoles in folded structure with n = 3. Without ferrite lading and top load-

ing the self resonant frequency is 125 c/s; ".ith type A ferrite loading ard with

top hat consisting -: ten radials of length five feet, the resonant frequency was

reduced to 6.16 mc/s and the iatio H!X was reduced to 0.012. The efficiency

of this antenna was found to be of the order of 21% and the input impedance of the

order of 28 ohms. Adding type A and type B ferrite loadinp the resonant frequency

was further reduced to 5.05 mc/s and the electrical length was reduced to 0.010.

Hcwever, tha efficiency was also i.-reased.

if top capacitive load and ferrite load are combined it is possible

to obtain structures which have an inductive input impedance, thus requiring an

input capacitance for tuning.

Another interesting observation is that top capacitive loading may

be realized by means of direct capacitive connection to ground; in this case,

a wire parallel to the radiator is usedp which as an electrical moment orposite

to that of the main dipole; however, since the electrical length of the ground

return is much smaller than that of the main dopole, a net radiation is obtained.

One of the limitations of ferrite loading is the saturation effect

of the magnetic permeability; because of this characteristic tbe maximum current

and therefore the maximum power handling ability of the ferrite antenna is limited.

Experimental verifications have been conducted to check quantitatively the import-

ance of this characteristic.

If Hsat is the value of magnetic field for which the ferrite material

becomes saturated, the c)rresponding maximum antenna c,.rrent is:

Imax " -PaHsa t  (79)

where a is the inner radius of the ferrite cylinder. The harmonic distortion which

is produced when the antenna current reaches the above value is also present in
the radi',ed L.eld, since the latter is proportional to the antenn. current. Because
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of this phenomenon the maximum radiated power of a ferrite intenna is limited;

however, it will be shown that these difficulties may be ove: come at least in part

by recourse to various design arrangements. One of these arrangements consists

of the use of negative feedback: an error signal proportionoti to the distortion

term may be obtained from the output and after suitable amplification and phase

correction rtxne to the input feed point of the antenna. In certain cases it is

possible to find a voltage waveform which produces a siausoidal current waveform;

since the radiated field is proportional to the antenna current rather than to the

antenna voltage, the desired elimination of th distortion is achieved. Finally,

t*,e antannP poer may be increased ,y recourse to multiple antenna structures in

which each element is fed with a current less than that of saturaticn. Tests were

conducted in order to determine experimentally the amount of the distortion com-

ponents produced with large values of antenna currents. In addition, merhods

of compensation consisting of feeding the antenna with voltages at the harmonic

frequencies were successfully devised.

A series of tests were performed using ferrite type C, in which the

inner and outer radii are respectively:

a - 0.218 cm, b - 1.27 cm

The theoretical maximum values of magnetic field and of current are

Hsa t ' 1580 A/m, I -ax . 21.8 A

A two foot conductor of radius 0.21 cm loaded uniformly with type C ferrite was

used in the experiments. Passing currents of frequency 600 c/s and of intensities

varying from IL A to 12.5A the corresponding distortion components were measured.

These results are summarized in Table 10 and in fig. 15. It is seen that at 12.5A

the thiird harmonic component was 12.5 db down (6%) and the fifth harmonic component

was 17.5 db down.(L 8%) The even harmonic components were negligible.

Compensation of third or fifth harw.3nic distortion was achieved

by simultaneously feeding a voltage at 18Z or 'C¢u cps. with proper amplitude

anC phase. The results are shown in Table 11 and fig. 16. It is seen that the
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respective harmonic components were both decreased by more than 30 db.

In conclusion, in order to maintain the diintc-:ion in ferrite antennas

below a prescribed limit, the antenna curren* must not exceed a critical value.

Further work was performed in studying the combination of inductive

loading and ferrite loading. A helical structure consisting of a 16" high mono-

pole with 19 turns of diameter 1.25" was constructed. The unit was loaded with

type B ferrite and further provided with top capacitive loading consisting of ten

five feet :ong radials.

The antenna was shown to resonate at 7.8 mc/s with an input impedance.

of the order of 1.5 ohms; its electrical length was HA 0 . 0.0105 and its radiat.on

efficiency was 21$.

Folding the above antenna inside the ferrite was accomplished using

a second helix coaxial with the first one. In this case the resonant frequency

was found to be 8.1 mc/s and the electrical length 0.011; the input impedance was

of the order of i2 ohms and the radiation efficiency of the order of 23*.

Finally, tuning of the ferrite loaded antenna by means of short-

circuits across the ferrite material was tested successfully. For this purpose,

the inner conductor was provided with metal taps which were brought outside the

ferrite sleeve. Shortcircuiting these taps removed the effect of the ferrite mat-

erial and provided an increase of the resonant frequency. The results of this test

are illustrated in fig. 17.

8. APPLICATION OF FERRITE LOADING TO THE DESIGN OF AN OMEGA ANTENNA SYSTEE

The results of the investigation developed in the previous sections

have been utilized for a preliminary design of a 10.2 kc/s antenna system to be

used in connectisr with the Omega Navigation System. The following design is

tentative, because several data which have been assumed should be submitted to

experimental verification. However, the design giv-s an overall idea of the

practical possibilities of ferrite loadin,, in connection with VLF antennes.
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The ferrite material selected for this application has the following

characteristics:

Inner radius A - 0.95 cm

Outer radius b - 3.8 cm

Permeability AA . 100

Permittivity - - 10

Curie Point Tc . 35: 0C

Loss Factor 2 . -0-5

Density 4.5 g/ cm
3

Saturation Flux 3300 Gauss
Density

The electrical design of the antenna is obtained using the equations derived in

section 6, The frequency of operation of 10.2 kc/s corresponds to a wavelength

X 0 29,400m. The ratios X0 /b and b/a are respectively

x0/b - 7.9 x 10 5 and b/a - 3-8

From the graph of fig. I there follows that the wavelength reduction is

x 0.27

i.e. 1 -- 1,940 , Hre s ' 19c180 m. The actual antenna height is selected as

H - 500 152 m

This corresponds to a ratio H/Hre s  0.077 . It is of interest to note thaz the

values of similar ratios for the Forest-Fort and for the Cutler antennas are

respectively:
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H - - 0.049
H 7500rem

!!- 300 - 0.057
H 53o0rem

Both are smaller than the vale selected in the present design, although the

corresponding actual heights of the antennas are respectively 12CC' and 1000'.

The radiation resistance of this antenna is expected to be larger

than that uf a metal air radiator having the same height. In accordance with

ea. 78 one has:

Rrad 0.146 ohm

In order to take into account other possible factors which reduce the radiation

efficiency, a value of R = 0. 10 ohm will be asrumed. The actual input resistance

will be larger because it will include the loss components.

Folding nine times the antenna gives an input impedance

Rin a 8.1 ohm

exclusive of losses. These will depend upon the overall radiation efficiency; for

example, if the efficiency is of the order of 10%, the input resistance will be of

the order of 80 ohms and if the efficiency of the order of 50% the input impedance

will be of the order of 16 ohm.

As far as the radiated power is concerned, this will be limited by the

maximum antenna current allowable. Since the maximum saturation field is

Hsat 1 1580 A/n

the corresponding meximtm value of antenna current is:

Iax -95 A
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Assuming a safety factor of about 50%, a current of 50A may be considered as a

practical maximum value. The corresponding antenna radi'Led power is of the

order of:

Frad 8.1x 2500 - 20.3 KW

The distortion expected at this power level will be approximately of the order

of 3.

The relative bandwidth of the antenna system will depend upon thz

effective radiur of the cage antenra structure: a value of 1C"2 or better is

expected.

An zportant consideration is that of the worsening of tne wave-

length reduction which is produced by the proximity effect. .ssuming a separation

of 200 m between the axes of contiguous antenna elements the relative separation

is:

d/ 0 a 0.006

In accordance with the results of fig. 14 an. increase of the wavelength reduction

ratio by 20f is expected, i.e. the ratio X/.Xo will be increased from C.-7 to 0.32.

This will decrease the effective radiation resistance and the radiated power corres-

pondingly. For example, assuming that a rt'diation resistance of a single monopole

is 0.1o ohm, the modified value will be:

20.1 x ( 0.27/0.32) = 0.-65 ohm

and the corresponding radiative input resistance of the folded antenna will be

6.85 ohm. Finally, the radiated power for an ant-enna current of 50 A will be 17

kw. Of course, the proximity ffect may be decreased by increasing the axial

separation of the radiators; this may be dtne easily since the overall area covered

by thc antenna ic rather small.
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The capacitance of the top hat is a function of ,u.w ratio H/Hres

and of thw- dimensions of the radiatora. Its value may be com.,uted using the

procedure of Schelkunoff(3) for cylindrical antennas of radiud ., height H, i.e.

Z Z /a)C - 60 2," sin 2H

iZ - 60 (In 2g - Ci 2r3H - + cos 2H) cot ;,IH
L

In -he above relation Z is the ave-r-ge characteristic impedanc- of the antenna,0

Ct is the top capacitance and MH 2 rH/xz . The value provided vy the above

relationship is approximate, and in practice a more acctirate valuA tihould be

obtained by experimental verifications. From the data f tte Fore3t Fort and

the Cutler antennas, whose relative heights are smaller than the -&lue assumed

for the present design, an approximate value of top capacitance of the -der of

0. 1 uF should be expected. The top load capacitance may be realized by means of

a horizontal system of wires or also by means of appropriate guy wires; it has

been pointed out previously that the latter conductors have an electrical length

which is smaller than that of the ferrite loaded antenna, so that, when said wires

are returned tc ground. a net radiative moment is obtained.

In reference to the mechanical design of the antenna, two different

approaches have been followed. These consist both of a system of nine steel towers

arranged in correspondence of the vertices of an octagon; in one case the ferrite

antenna- are placed at the half-distance between the towers and in the second case

they have been placed next to or within each tower.

The first arrangement is shown in fig. 18. in order to provide antennas

of height 500 feet, the towers must be 660 feet high. Each antenna weights 7265

lbs. calculated as follows:

Ferrite material: 664c lb.
Steel rope 0.39 lb/ft 195
Steel and copper sleeves lb.

_5lb.

(3) S. A. Schelkunoff, Electromagnetic Waves, D. VanNostrand Co., 1943, p. 461.
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The antenna is constructed with a steel rope of diameter 1/2"; the rope is

surrounded with copper sleeves on which the ferrite cylinders are placed. The

cylinders are supported in groups by means of suitable b.sh:-gs which are pressed

against the rope by a magnetcztriction process. This is realized simply by

placing the rope and bushing within a coil through which a large surge of currer.t

is passed.

The selected rope is 6 x 37 special flexible hoisting type (monitor

steel) having a breaking strength of 20,400 lbs. Therefore the safety factor is

-2.8

7285

The horizontal support is provided by another steel rope of diameter 5/8" having

a breaking strength of 31,600 lbs. Simple pulley systems nave been provided for the

hoisting and support of the radiators.

The steel towers are base insulated and are supported by means of

:uitable guy wires. Structures suitable for this application are available on

t ie market for the desired dimensions and load specifications.

The second type of design assumes that each ferrite antenna is

supported by one tower. In this case the towers will be only 500 feet high and

will be arranged as shown in fig. 19. The proximity of the insulated towers to the

ferrite antenna may provide an interacting effect, but such eifect may actually

be equivalent to an increase of the top load capacitance. An experimental veri-

fication of the proximity effect in this case would be desirable.

Typical cos.s of Lhe towers and of the ferrite n.aterial for the

antenna system described are as follows:

6601 heavy structure tower: steel $17,50C

erection work 5,500
base insulator 50__$23, 50C
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660' light structure tower steel $12, 500
erection work 5,500
base insulator W

500' hea y structure tower: steel $13,000
erection work 5,500
base insulator

$19,000

5-'" light ;tru.cture tower: sre- $ 9,000
erection work 5,500
base insulator 50

$15,000

The cost of the ferrite material is approximately $21,000 for a 500' radiator

and is expected to be lower percentage-wise for larger quantities of ferrites.

Assuming that the cost of the ferrites remains unchanged, the total ferrite

cost for nine radiators would be of the order of 190,000 d,.lars. The cost

of the ferrite material is of about the same order of magnitude as that of the

steel towers. The above costs do not include consideration of the insulators,

inst!!.:i- , ce.n.ctors. around plane or top hat.

9. CONCLUDING RMR.S

In this report the problem of the design of ferrite loaded antennas

has been considered. In the past contradictory results have been published about

the usefulness and feasibility of this type of design. The principal difficulty

has been the absence of a practical generalized theory which might provide the

possibility of design by modeling. Host results have been obtained either experi-

mentally on specific radiators or theoret-cally on radiators embedded in spheres

or other impractical geometries.
in this report a general theoretical an-ly Is ofy : -- r ----

loaded antennas has been developed. The results ot the analysis have been verified

experimentally with numerous models in the RF range.
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On tbe basis of these results it is now possible to predict the

wavelength reduction realizable with a given geometry and with a given ferrite type;

the data required for the design are the rarios b/a [outer racius to inner radius of

the ferrite), and X0/b , as well as the values of u and c of the ferrite material.

Graphs have Seen preparej for cases of practical interest.

The analysis has been applied to the design of a VLF antenna for a

frequency of 10.2 kc/s. This type of design illustrates well the possibilities G'f

the theory. One Important advantage is that experimental results obtained at

higher frequencies can be interpreLetO and t .?lled to c!e design of VLF structures.

The resulting design is, of course, tentative and should be considered as tie

center design of a more complete first realization, which would be i=proved with

suitable experimental verifications.
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TmU I

SiUM AY OF PROPERTIES OF FERRITE TCMOIDS USED

tye ABpec

100 100 10c 100

10 10 1W

Loss Factor -

I;'Q

at 1 e. .OO002 .00002 .0ool o00l2

at 10 tc. .00016 .ooo16 .00016 .00016

Sat. Flux Danity 3300 3300 3300 3300
B~a (gauss)

Curie Point "C 350 350 350 350

Inner Radius 'a" 0.9-5 14 C.21e 3.3 16
(cm)

Outer -idius b" 1.59 2.38 1.27 7.62
(cal)
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uEMKN arx- nn nwoa

Height Ferrite React. alk z Ef f. v3

(f.)Tye ra. 0 in B

2 A 25.9 0.05 50 10 - -

A 14.1 0.06 12 Zo 95 677

A 7.3h 0.06 12 117 2 ti

1: A 3.72 o.o6 12 37 M(0 2.7

A ±89 0.075 -- --- -

C 8.50 0.03k4 2B h. 6 - -

is A&3 11.is o.ok6 12 17-- -

CONFIDENTI-AL



CONFIDENTIAL

TABU 11

li, F .q. 21.2 I t27

S2.5 40c 25 0 . ,.

ci13

16.
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TABLE IV

FOLDED FERRITE MONOPOLES

A. Folding Inside Ferrite

Ferrite Freq. H/Xi Eff.i~ Ty pe NO o %

16' A 4.29 .o68 50 55

B. F'4ding Outside Ferrite

H Ferrite Freq. H/X z Eff. BW d

6 A 7.34 .059 50 68 300 O. 5

16 A 4.69 .075 50 65 300 0.5

4 C 8.5 .034 50 10 -- 0.5

d - s-paration between elements

I
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I
TABLE V

MULTIPLY CONNECTED ANTENNAS

In-Line Arrangement of Elaments Using Type C Ferrite

N umber of d H Freq. Zin Eff.
elements n j U i1.1 .(M) (oh__g

or.; element 1 1 4 8.5 -28 4.9

one driven 2 6 4 8.5 50 11.0
one folded

one driven 3 6 4 8.5 -90 15
two folded

one driven 4 6 4 8.5 "200 17
three folded

two driven 4 6 4 8.5 50 17
two folded

four in parallel 4 6 4 8.5 '12 22
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TABLE VI

PARALLEL CONNECTED ANTENNAS

In-Line Arrangement of Elements Using Type A Ferrite

H Freq. Z '. Eff. w
n (ft.( ic) L4_1 3__

1 8 7.34 12 51 3.25

2 8 7.34 9 74 3.45

3 8 7.34 5 t7 4.4

4 8 7.34 4 78 5.4
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TABLE VII

hULTIPLY FOLDED ANTENNAS

In-Line Arrangement of Elements Using Type A Ferrite

d H Freq. Zin Eff. :.w

1 6 8 7.34 -12 51 3.25

2 6 8 7.34 -50 74 4.15

3 6 3 7.34 "-90 68 5.5
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TABLE Vll

PROXMIITY EFIFECTS OF TWO ANTENNAS

Two 4 ft. Monopoles Using Type A Ferrite

Frea. Sep6retion Zi.1 Eff. BW

(mc) (ft) $-41

14.1 -- -12 21 6.1 Antenna A alone

14.1 -- 12 24 6.7 Antenna B alone

15.1 1 4.5 24 7.3 Antenna A & B

14.6 2 4.5 25 7.2 Antenna A & B

14.2 3 4.5 34 7.4 Antenna A & B

14.1 4 4.5 34 7.45 Antenna A & B

14.0 5 4.5 30 7.5 Antenna A & B

14.o 6 4.5 35 7.5 Antenna A & B
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TABLE IX

PROXIMITY EFFECTS OF THREE ANTENNAS

Three 4 ft. Monopoles Using Type A Ferrite

Each Antenna Alone Resonated at 14.0 Mc.

IN-LINE ARRA! TRIANGULAR ARRAY

Separation Resonant Freq. Resonant Freq.

(ft) (N) ()

0.09 17.1 17.3

0.75 15.6 --

1.0 15.3 15.6

1.5 14.7 --

2.0 14.3 14.6

3.u 14.0 --
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HAIMONIC DIST TION IN FERRITE ANTENNA

Hormouics Meacured in db Below Fundmental

Type C Ferrite Used

f =600 Coe.

I 3f0  5f 7f°  9£f 11f
(Amp)0 0(Amps) (-db) (-db) (-db) (-db) (-db)

4.o -- 21.0 28.0 -- --

5.0 37 19.5 23.0 27.0 32.0

6.o 24.5 19.5 23.0 24.0 30.0

7.0 20.5 19.0 23.0 24.0 29.0

8.0 16.o 16.5 23.5 24.o 27.0

9.0 14.5 17.0 25.0 25.0 30.0

10.0 i4.5 19.0 27.5 27.5 30.5

12.5 12.5 17.5 26.0 27.0 32.5
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TABLE XI

HARMONIC CO*mENSATI0

Harmonic Reduced by at Least 30 db

Antenna Fuw--"ental Harmonic $ Ar-v-
Current Voltage Voltage Injec:

(Amps)

Third Harmonic 6.0 20 0.9 4.5
CoWensation

7.0 20 1.6 8.0

8.0 20 2.2 11.0

9.0 20 2.7 13.5

10.0 20 3.0 15.0

12.5 20 3.5 1'.5

Fifth Harmonic 6.0 22 1.85 8.4
Ccepensat ion

7.0 22 1.85 8.4

8.0 22 1.85 8.4

9.0 22 1.90 8.6

10.0 22 1.90 8.6

12.5 22 1.95 8.9
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FERR II CONDUCITORS

A. FOLDING INSIDE FERRITE

L d

8. FOLDING OUTSIDE I8'RRITE

FIGURE 9. FO DED FERRITE MONOPOLESAX326
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